Histamine plays an important role in the regulation of various immunological functions. To evaluate the role of histamine in contact hypersensitivity, contact dermatitis was induced with dinitrofluorobenzene (DNFB) in histidine decarboxylase knockout (HDC2/2) histamine-deficient and wild-type mice. The DNFB-induced increase of the ear thickness was significantly higher in HDC2/2 mice than in wild-type mice. Using flow cytometry, significantly lower percentages of CD4 1
Introduction
Histamine is present in all tissues of the mammalian body and plays an important role in many physiological and pathological functions. The importance of histamine has been demonstrated in gastric acid secretion, contraction of smooth muscle, neurotransmission, wound repair, embryogenesis, hematopoiesis, allergic skin reaction and malignant growth. Histamine, synthesized by histidine decarboxylase (HDC), is produced mainly in mast cells, basophils and histaminergic neurons, but macrophages, dendritic cells and T lymphocytes also synthesize histamine (1) (2) (3) . The production and release of histamine are modulated by various cytokines such as IL-1, IL-3, IL-5 and IL-8 (4) . Histamine plays a regulatory role in Th1/Th2 balance at multiple points; however, the majority of histamine actions seems to promote Th2 responses (5) (6) . Four different membrane receptors of histamine (H1R, H2R, H3R and H4R) have been pharmacologically and molecularly characterized. One or more of these receptor types are expressed on many different cell types, including T cells, B cells, monocytes and neutrophils (5, 7) . The secretion of IL-2 and IFN-c from Th1 cells can be either inhibited or stimulated by histamine, and both effects are mediated via H2R receptors (4) . It has been recently published that H1R is overexpressed on Th1 cells, while H2R is overexpressed on Th2 cells. H1R-deficient mice demonstrate suppression of Th1 cytokines and dominant secretion of Th2 cytokines. H2R-deficient mice show a significant enhancement of both Th1-and Th2-type cytokine secretion (8) .
The contact hypersensitivity (CHS) response develops in two distinct phases: sensitization and elicitation. In the sensitization phase, mice exposed to contact allergen showed an increase in the percentage of antigen (Ag) specific Thy1 + /CD5 + /CD3 ÿ / TCR ÿ /B220
+ cells in the skin-draining lymph nodes (DLN) (9, 10) . These B220 + (CD45R) B cells produce IgM/IgG type antibodies that pass into the circulation and the extravascular tissues. These antibodies bind to receptors on the surface of mast cells and platelets and play a role in the increase of vascular permeability. Cytokines produced by Tc1 cells (IFN-c), Th1 cells (IL-2, IFN-c and TNF-a), Th2 cells (IL-4 and IL-10) and Langerhans cells (IL-12 and IL-18) are important for the optimal induction and initiation of CHS in DLN (11) (12) (13) .
The elicitation phase is characterized by two distinct phases. In the early phase of elicitation, the antigen bound by IgM/IgG type antibodies produced by B220 + B cells leads to mast cell and platelet activation. Release of serotonin and TNF-a from these cells results in an increased vascular permeability (14-16). Geba et al. (17) found that delayed type hypersensitivity reaction (DTH) was either intact or only partially decreased in mast-cell deficient mice, and severe depletion of platelets with anti-platelet antibody strongly inhibited the contact hypersensitivity, especially in mast-cell deficient mice (18) . These data suggest that serotonin and TNF-a are important mediators in the early phase of DTH.
In the later phase of elicitation (48-72 h after challenge), antigen-specific T cells (abT cells) are activated, resulting in the production of various cytokines. It is known that in the CHS reaction the main effector cells are IFN-c producing CD8 + Tc1 cells (19) (20) (21) . The CHS responses are also regulated by IL-2, IFN-c and TNF-a-producing CD4 + Th1 cells, and IL-4 and IL-10-producing CD4 + Th2 cells (12, 20, (22) (23) (24) (25) . Belsito et al. (26) reported that the H2R antagonist cimetidine augmented CHS reaction by inhibition of the induction of T-suppressor cells. In contrast to this, the histamine H1R antagonist diphenhydramine, had no effect on suppressor cell activity in the CHS reaction in mice (27) , and H1R antagonists did not cause the downregulation of CHS. Grob et al. (28) tested the effect of a prolonged treatment with H1R antagonist cetirizine on the reaction to a contact allergen applied by patch testing in a sensitized population. Their results demonstrate that the clinical recording did not show any difference between the cetirizine treated and the control groups. These data suggest that histamine might be involved in the regulation of CHS through H2R receptor.
In the present study, we examined the CHS response in HDC knockout (HDCÿ/ÿ) histamine-deficient mice. These mice were generated using a gene targeting method by Ohtsu et al. (29) . HDCÿ/ÿ mice exhibit a decreased number of mast cells. The lack of histamine leads to a large reduction in overall contents of mast cell secretory granules, including proteases MMCP4, MMCP5 (chymases) and MMCP6 (tryptase) (30) . In HDCÿ/ÿ mice plasma extravasation could not be observed after passive cutaneous anaphylaxis test (31) , and histamine plays a significant role not only in the anaphylactic increase of vascular permeability but also in the negative regulation of neutrophil infiltration (6) .
The purpose of the present study was to determine the immunoregulatory role of histamine in dinitrofluorobenzene (DNFB)-induced delayed type hypersensitivity. We found that the lack of histamine caused an intense Th1 type response, suggesting that histamine plays a negative regulatory role in contact dermatitis.
Methods

Animals
Generation of the HDCÿ/ÿ mice was previously described (29) . Female, 8-10-month-old HDCÿ/ÿ and CD1 background wild-type mice were used in the experiments. Each experimental group consisted of 4-6 mice. The mice were kept on normal diet.
We previously published an impaired reproduction of histamine-deficient mice (32) . Using CD1 background mice, the segregating F2 population contains a higher percentage of wild-type mice (>25%) than HDCÿ/ÿ mice (<25%) (proportions are non-Mendelian) (unpublished data). Therefore, the HDCÿ/ÿ mice were randomly selected from F2 mice of the transgenic colony.
Treatment
The abdominal skin of the mice was shaved and sensitized with 25 ll 0.5% 2,4-dinitrofluorobenzene (DNFB; SigmaAldrich Corporation, St Louis, MO) in acetone/olive oil (4:1) for two consecutive days (days 0 and 1). Five days later, the dorsal surface of both ears was challenged with 15 ll 0.2% DNFB. The control mice were also sensitized with DNFB, but their ears were treated with acetone/olive oil. Ear thickness was measured with a spring-loaded micrometer (Oditest; Dresden, Germany) before challenge and 24 and 48 h after challenge. Treated ears were harvested 24 and 48 h after the final application of DNFB or acetone/olive oil.
Flow cytometry
The axillary and inguinal lymph nodes draining the abdominal skin (sensitization area) were excised from each mouse 48 h following challenge. For phenotypic analysis by flow cytometry, individual cell suspensions were prepared in Dulbecco's phosphate-buffered saline (PBS) with 5% fetal calf serum (GIBCO BRL, Paisley, Scotland) and 0.1% sodium azide 
Histology
Ear samples were taken 24 and 48 h after DNFB painting and fixed in 4 % formalin for routine histology with hematoxylineosin and toluidine blue staining. The sections were examined with objective 403.
Immunohistochemistry
Fresh frozen skin specimens were embedded in cryomatrix (Life Sciences International, Shandon, UK), 3-lm serial cryostat sections were prepared and avidin-biotin-peroxidase complex (ABC) method was used for immunohistologic staining. The sections were air dried, acetone fixed, then incubated with 0.5% BSA (Sigma-Aldrich) before adding the primary antibodies (Pharmingen, Becton Dickinson Company): rat antimouse CD45 and rat anti-mouse CD3 monoclonal antibody. Normal rat serum (DAKO, Glostrup, Denmark) was used as negative control. The sections were incubated with biotinconjugated rabbit anti-rat IgG (Vector Laboratories, Inc. Burlingame, CA), then with avidin-biotin-peroxidase (Vectastain Elite kit, Vector Laboratories). The peroxidase reaction was developed with 3-amino-9-ethylcarbazol (AEC; Sigma-Aldrich) and the sections were counterstained with hematoxylin.
Quantitative reverse transcription polymerase chain reaction (Q-RT-PCR)
Ear specimens taken 24 and 48 h after the DNFB treatment were homogenized in Trizol reagent (Invitrogen, Carlsbad, CA) and total RNA was isolated following the instructions of the users' manual. RNA concentration was determined by the A260 value of the samples. First strand cDNA was synthesized from 3 lg total RNA in a 20 ll final volume by using a First Strand cDNA Synthesis Kit (MBI Fermentas, Vilnius, Lithuania). After reverse transcription, Q-RT-PCR was used to quantify the relative abundance of products of each gene (iCycler IQ Real Time PCR, Bio-Rad, Hercules, CA) using primers specific for mouse GAPDH, IL-2, IL-4, IFN-c and TNF-a. Two-microliter aliquots of the reverse transcription volume were used as templates for PCR reactions.
The sequences for primers specific for IL-2, IL-4, IFN-c, TNF-a, GAPDH are shown in Table 1 . The conditions of the reactions were as follows: 95°C for 5 min followed by 40 cycles at 95°C for 15 s (denaturation) and at 57°C for 45 s (annealing and elongation). The Mg 2+ concentration was 3 mM, the concentration of the primers was 300 mM. Real time detection of PCR products was carried out by using SYBR Green I dye.
Statistical analysis
Student's t-test was used for statistical evaluation; P < 0.05 was considered as significant.
Results
HDCÿ/ÿ mice demonstrated increased contact hypersensitivity to DNFB HDCÿ/ÿ and wild-type mice were sensitized with 0.5% DNFB for two consecutive days. Five days later, the dorsal surface of the ears was challenged with 0.2% DNFB or with the solvent (acetone/olive oil). Ear thickness was measured before challenge, 24 and 48 h after challenge. Twenty-four hours after challenge, the DNFB-induced increase of the ear thickness was significantly higher in the HDCÿ/ÿ mice than in wild-type mice (mean 6 SD: 9.83 6 3.9 3 10 ÿ2 mm vs 6.3 6 2.8 3 10 ÿ2 mm, P < 0.05). Fourty-eight hours after challenge the ear thickness was still higher in HDCÿ/ÿ mice compared to wild-type mice, but the difference was not significant between the two groups (mean 6
ÿ2 mm, P > 0.05) (Fig. 1) . .1% vs 28.5 6 6.4%) was significantly higher in the HDCÿ/ÿ mice than in the wild-type mice (Fig. 2) . The percentages of granulocytes (6.1 6 1.7% vs 6.3 6 1.3%) and macrophages (2.1 6 1.7% vs 1.4 6 1.0%) did not differ in the two groups. Similar differences were seen in the cell composition of the axillary and inguinal lymph nodes of untreated HDCÿ/ÿ and wild-type mice. The percentages of the different cell subpopulations did not significantly differ from those found in the appropriate DNFB treated groups (data not shown).
The number of infiltrating cells was higher in the ear specimens of HDCÿ/ÿ mice Histologic sections were made from the ears 24 and 48 h after challenge. In contrast to the acetone/olive treated ear GAPDH  GGATGCAGGGATGATGTTC  TGCACCACCAACTGCTTAG  IL-2  CGCAGAGGTCCAAGTTCAT  CCTGAGCAGGATGGAGAA  IFN-c  TCTTATTGGGACAATCTCTTCC  CCTTCTTCAGCAACAGCAA  TNF-a  GTCTACGCAGAACGGGAT  GCAGCCTGTCTCCTTCTAT  IL-4 CGAAAAGCCCGAAAGAGTC GGAGATGGATGTGCCAAAC specimens, in the DNFB painted ears of both HDCÿ/ÿ and wild-type mice a cellular infiltrate and edema were seen. The majority of the infiltrating cells were neutrophil granulocytes and mononuclear cells in both DNFB treated groups at 24 and 48 h after challenge, but the number of infiltrating cells and the degree of edema was higher in the HDCÿ/ÿ mice (Fig. 3) . In ear samples taken 24 or 48 h after DNFB painting, mast cells were stained with toluidine blue. At these time points, no difference was detected in the number of mast cells in the histologic sections of DNFB challenged and acetone/olive treated ears of either HDCÿ/ÿ or in wild-type mice (data not shown).
Strong CD45 + leukocyte infiltration was observed in the ears of HDCÿ/ÿ mice
In order to characterize the phenotype of the infiltrating cells, 3 lm cryostat sections were prepared and the ABC method was used for the immunohistologic staining. We observed a significantly higher percentage of CD45 + leukocytes in the dermis of the ears of the HDCÿ/ÿ mice than in that of wild-type mice. The number of CD3 + T cells was not increased in the DNFB painted ears compared to the acetone treated ones in either group (Fig. 4) .
IL-2, IFN-c, TNF-a and IL-4 mRNA expressions were examined by Q-RT-PCR
Quantitative relationship between the level of gene expression and relative fluorescence data was demonstrated for each examined cytokine gene. Dilution series of a cDNA was used as template and standard curves were generated where the relative fluorescence data was shown as a function of rate of dilution. The correlation coefficient was >0.9 in each of the examined genes (data not shown), suggesting that the reaction conditions applied resulted in quantitative RT-PCR data. Standard curves showed linearity, indicating a quantitative relationship between the relative gene expression and relative fluorescence data (data not shown). The expression of IL-2, IFN-c, TNF-a and IL-4 genes was examined by optimized Q-RT-PCR reactions in the ear samples obtained at 24 and 48 h after challenge.
In wild-type mice, IL-2 mRNA was undetectable; in contrast, HDCÿ/ÿ mice constitutively expressed a detectable level of IL-2 mRNA. In the HDCÿ/ÿ mice, the DNFB treatment caused a >8-fold increase in the level of IL-2 mRNA 24 h after challenge, however, the quantity of IL-2 mRNA decreased 48 h after challenge. In contrast, in wild-type mice, IL-2 mRNA was not detected 24 h after challenge and it reached a detectable level 48 h after challenge (Fig. 5A) . The IFN-c mRNA level showed a significantly higher increase in HDCÿ/ÿ mice than in wild-type mice 24 h after challenge. Forty-eight hours after challenge, the IFN-c mRNA level decreased in HDCÿ/ÿ mice while increasing in wild-type mice (Fig. 5B) .
The HDCÿ/ÿ mice constitutively expressed a detectable level of TNF-a, while in wild-type mice TNF-a was undetectable. The increase in TNF-a expression was 7-fold in HDCÿ/ÿ mice 24 h after the DNFB treatment, and~3.5-fold higher 48 h after challenge. In the wild-type mice, TNF-a mRNA was not detected 24 h after the treatment, and showed an increase 48 h after challenge (Fig. 5C) .
The expression of IL-4 mRNA reached a detectable level in HDCÿ/ÿ mice but not in wild-type mice. The DNFB treatment of HDCÿ/ÿ mice produced a moderate increase of IL-4 mRNA expression 24 h after challenge, and the increase in IL-4 mRNA expression was 5-fold 48 h after the treatment compared to the 24 h data. In the wild-type mice, no IL-4 mRNA was demonstrated 24 h after challenge, but a detectable amount of mRNA appeared 48 h after the DNFB treatment (Fig. 6 ).
Discussion
Histamine is an early messenger in inflammatory reactions. It regulates the immune response by enhancing Th2 (IL-4, IL-10) and by inhibiting Th1 (IL-2, IFN-c, TNF-a) cytokine production (4, 5, 34) . In the present study, we investigated in HDCÿ/ÿ histamine-deficient mice whether histamine has a regulatory role in DNFB-induced CHS and whether the lack of histamine modifies the cytokine profile. We found that in histamine-deficient mice, DNFB-induced CHS is more intense than in wild-type mice. The DNFB-induced increase of the ear thickness was significantly higher in the HDCÿ/ÿ mice 24 h after challenge than in wild-type mice. + leukocytes and CD3 + T cells in ear samples. After DNFB challenge, a strong CD45 + leukocyte infiltration was found in HDCÿ/ÿ mice (B) compared to wild-type mice (A). The DNFB-painted ears of neither HDCÿ/ÿ (D), nor wild-type mice (C) showed elevated CD3 + T cell numbers. Normal rat serum was used as negative control for staining the DNFB-treated ears of HDCÿ/ÿ (F) and wildtype mice (E). HDCÿ/ÿ mice constitutively express higher levels of IL-2 and TNF-a cytokine genes than wild-type mice. The mRNA of these cytokines was not detectable in wild-type mice before challenge and 24 h after challenge. The DNFB treatment caused an increase in IL-2 (A), IFN-c (B) and TNF-a (C) mRNA expression in HDCÿ/ÿ mice 24 h after challenge. In contrast, 48 h after challenge, the IL-2, IFN-c and TNF-a mRNA level decreased in HDCÿ/ÿ mice and showed an increase in wild-type mice. Forty-eight hours after challenge the ear thickness was still higher in HDCÿ/ÿ mice but the difference was not significant between the two groups. After DNFB challenge, the percentages of CD3 + , CD4 + and CD8 + T cells in the DLN of sensitization area were significantly lower, those of CD45R + B cells were significantly higher in HDCÿ/ÿ mice than in wild-type mice. Similar differences were found in the DLNs of the untreated HDCÿ/ÿ and wild-type mice. Consequently, these differences do not seem to be due to the DNFB treatment, but they are rather associated with the lack of histamine in HDCÿ/ÿ mice.
The inflammatory reaction in the ear skin of the mice was also studied. We found that 24 h after challenge the number of infiltrating cells and the degree of edema was higher in the HDCÿ/ÿ mice than in the wild-type mice. In hapten challenge sites, neutrophils recruit CD8 + T cells that subsequently produce cytokines mediating the hypersensitivity response (21, 35) . Using HDCÿ/ÿ mice, Hirasawa et al. (6) found that histamine plays a negative regulatory role for the neutrophil infiltration via H2R receptor in allergic inflammation. It has been reported that in the skin of HDCÿ/ÿ mice, the expression of H1R and H2R receptors is very sensitive to histamine levels and both receptors are downregulated in the skin of HDCÿ/ÿ mice (36) . These results suggest that histamine might inhibit neutrophil infiltration in wild-type mice via H2R receptors and the lack of histamine favors a strong granulocyte and macrophage infiltration in HDCÿ/ÿ mice.
We observed an increase of the ear thickness and relatively few infiltrating cells in wild-type mice 24 h after challenge. In the early phase of elicitation of CHS (3-24 h after challenge), release of serotonin and TNF-a from mast cells and platelets results in an increased vascular permeability and tissue swelling (14) (15) (16) . These data indicate that the increase of the ear thickness is mainly due to edema formation 24 h after challenge.
We also observed that HDCÿ/ÿ mice constitutively express higher levels of IL-2, TNF-a and IL-4 mRNAs than wild-type mice. These findings suggest that endogenous histamine downregulates the production of IL-2, TNF-a and IL-4. It is known that CD8 + Tc1 cells mainly produce Th1 type cytokines. In our study, the DNFB treatment caused higher levels of Th1 cytokine mRNAs (IL-2, IFN-c, TNF-a) in HDCÿ/ÿ mice 24 and 48 h after challenge, and a higher level of Th2 cell cytokine (IL-4) mRNA 48 h after challenge than in wild-type mice.
Challenge with antigen in sensitized mice induces local recruitment of T cells. These antigen-specific T cells produce inflammatory cytokines, which induce ear swelling and other inflammatory processes in the later phase of elicitation (48-72 h after challenge). We observed a very early Th1 cytokine response in HDCÿ/ÿ mice, followed by the increased levels of IL-2, IFN-c and TNF-a mRNAs 24 h after DNFB challenge. In these mice the high levels of Th1 cytokines might contribute to the very early increase of the ear thickness and the inflammatory response demonstrated by immunohistology.
We demonstrated that in the early phase of elicitation, the ear thickness was greater in HDCÿ/ÿ mice than in wild-type mice. Twenty-four hours after challenge, the levels of Th1 cytokine mRNAs were significantly higher in the ear samples of histamine-deficient mice compared to wild-type mice. These data suggest that histamine might have a suppressive effect on the production of Th1 cytokines and, consequently, on the limitation of the inflammatory response. In the later phase of elicitation there was no significant difference in the ear swelling in the two groups. Forty-eight hours after challenge, in wildtype mice a significant increase of Th1 cytokine mRNAs was observed, which was comparable with that seen in HDCÿ/ÿ mice at 24 h after challenge. The levels of Th1 cytokine mRNAs in HDCÿ/ÿ mice 48 h after challenge were higher than those observed in wild-type mice, however, in the HDCÿ/ÿ mice, significantly increased IL-4 levels were also demonstrated. Recent studies have shown that both Th1 and Th2 T cells are involved in the regulation of contact hypersensitivity. IL-4 is a Th2 cytokine that plays an important role during the elicitation phase of CHS, and has a role in the mediation of inflammation (25) .
Ohtsu et al. (31) has recently reported that in the CHS response, the ear thickness of HDCÿ/ÿ mice was not significantly different from that of wild-type mice. However, in their experiments another sensitizing agent, trinitrochlorobenzene was used in very high concentrations. We showed, using flow cytometry, immunohistology, and Q-RT-PCR, that DNFB induced a more intense inflammation in HDCÿ/ÿ mice than in wild-type mice. The discrepancy between their and our results might be explained by the different experimental conditions.
Our data suggest that histamine has an important role both in the early and in the later phase of CHS reaction. The lack of histamine seems to be responsible for a very intense Th1 type response in the early phase and also for a strong Th2 response in the late phase of CHS.
Histamine is known to inhibit Th1 lymphocyte functions such as production of IL-2, IFN-c via H2R receptors, and to enhance Th1-type responses by triggering the H1R receptors (8, 37) . Fitzsimons et al. (36) demonstrated that in the skin of HDCÿ/ÿ mice the H1R and H2R receptors are downregulated, which might be due to the prolonged histamine deficiency. We found a very early and high Th1 cytokine response after antigen challenge that might be caused by histamine deficiency. These data indicate that endogenous histamine can downregulate the CHS reaction via H2R receptor in wild-type mice. The lack of histamine causes a downregulation of H2R receptors in HDCÿ/ÿ mice, thereby leading to a higher Th1 cytokine response compared to wild-type mice. These results suggest that in the histamine-deficient mice the Th1/Th2 balance is modulated towards Th1 dominancy.
In our study, we demonstrated that histamine is involved in the regulation of delayed type hypersensitivity. Using histamine-deficient mice we showed that histamine plays a suppressive immunoregulatory role in the DNFB-induced CHS response. 
